Enamel, the hardest tissue in the body, begins as a three-dimensional network of nanometer size mineral particles, suspended in a protein gel. This mineral network serves as a template for mature enamel formation. To further understand the mechanisms of enamel formation we characterized the forming enamel mineral at an early secretory stage using X-ray absorption near-edge structure (XANES) spectromicroscopy, transmission electron microscopy (TEM), FTIR microspectroscopy and polarized light microscopy. We show that the newly formed enamel mineral is amorphous calcium phosphate (ACP), which eventually transforms into apatitic crystals. Interestingly, the size, shape and spatial organization of these amorphous mineral particles and older crystals are essentially the same, indicating that the mineral morphology and organization in enamel is determined prior to its crystallization. Mineralization via transient amorphous phases has been previously reported in chiton teeth, mollusk shells, echinoderm spicules and spines, and recent reports strongly suggest the presence of transient amorphous mineral in forming vertebrate bones. The present finding of transient ACP in murine tooth enamel suggests that this strategy might be universal.
Introduction
Dental enamel, the hardest and most mineralized tissue in the human body, comprises the outer layer of tooth crowns. The basic building block of the mature enamel structure is an enamel rod, a dense array of needle-shaped carbonated apatite crystals, roughly 50 nm across and tens of microns long, with their crystalline c-axes aligned along the rods (Ten Cate, 1994) . These mineral rods form an intricate three-dimensional micro-fabric that constitutes the bulk of enamel. Mature enamel contains 95 wt.% carbonated apatite and less then 1% organic material. In contrast, the forming early secretory enamel is composed of approximately 30 wt.% mineral, 20 wt.% organic matrix, and 50 wt.% water (Fukae et al., 2007; Smith, 1998) . At the same time the shape and organization of the nascent mineral particles is essentially the same as in mature enamel, although they are an order of magnitude thinner than mature crystals. After the full thickness of enamel is deposited the maturation process begins. During the maturation most of the proteins are proteolytically degraded and removed, while the crystals thicken, and fill 85% of the enamel volume. The organic matrix of forming enamel is thought to regulate the shape and organization of mineral particles (Fincham et al., 1999; Margolis et al., 2006) . This matrix consists of a number of proteins, with amelogenin, the major enamel protein, constituting more than 90 wt.% of the enamel matrix. Amelogenin self-assembles into spherical aggregates, called nanospheres, that form chain like structures (Beniash et al., 2005; Fincham et al., 1994; Moradian-Oldak et al., 2006; Wiedemann-Bidlack et al., 2007) . In vitro amelogenin can induce the formation of bundles of needle-shaped hydroxyapatite crystals, which resemble the crystal organization in forming enamel (Beniash et al., 2005) . Immediately after secretion, enamel proteins undergo a series of specific cleavages by metalloproteinase MMP20 (Simmer and Hu, 2002) . These modifications of enamel matrix play an important, although not yet well understood role, during enamel formation Caterina et al., 2002) . Unlike other mineralized tissues such as dentin, where the collagen matrix mineralization occurs at a distance of more than ten microns from odontoblasts, mineral particles in enamel form next to the cell membranes of secretory ameloblasts, immediately upon secretion of enamel organic matrix (Ten Cate, 1994) . These observations, alongside the in vitro studies of calcium phosphate mineralization in the presence of enamel matrix proteins, suggest that mineralization and matrix assembly in enamel occur simultaneously (Beniash et al., 2005) .
One biomineralization strategy that has received significant attention in recent years is mineralization via transient precursor phases. Transient amorphous mineral phases have been detected in biomineral systems in different phyla of the animal kingdom, including amorphous ferrihydrite in the radular teeth of chitons (Towe and Lowenstam, 1967) , amorphous calcium phosphate in the otoliths of blue sharks (Lowenstam, 1981) , amorphous calcium phosphate in the radular teeth of chitons (Lowenstam and Weiner, 1985) , amorphous calcium carbonate in bivalve mollusks (Weiss et al., 2002) , echinoderm spicules (Beniash et al., 1997; Politi et al., 2008) and spines (Politi et al., 2004) . Recently this biomineralization strategy has been successfully utilized in the development of novel bioinspired materials (Aizenberg et al., 2003; Loste and Meldrum, 2001) .
The possible presence of transient mineral phases in vertebrate mineralized tissues, and of ACP in particular, has been a subject of heated discussions over the last four decades, and still remains an open question (Boskey, 1997; Grynpas, 2007; Termine and Posner, 1966; Weiner, 2006) ; however, recent studies strongly suggest that this strategy is utilized in bone formation (Crane et al., 2006; Mahamid et al., 2008) . The presence of transient mineral phases in developing enamel has been suggested in several studies. Electron microprobe analysis of early secretory enamel has shown a Ca/P ratio as low as 1.24 ± 0.15 in the early secretory enamel of murine incisors, which increased in the more mature regions (Diekwisch et al., 1995; Landis et al., 1988) . FTIR spectroscopy studies of the early secretory enamel indicate the presence of non-stoichiometric, low crystallinity acidic mineral phase with high carbonate content (Aoba and Moreno, 1990; Rey et al., 1991) . The electron diffraction and high resolution electron microscopy studies of the early secretory enamel have indicated that the initial enamel mineral is either amorphous (Bodier-Houlle et al., 2000; Diekwisch, 1998) , poorly crystalline hydroxyapatite, OCP (Cuisinier et al., 1992; Landis et al., 1988) or non-apatitic calcium phosphate (Cuisinier et al., 1993) . These studies describe mineral particles present at the sites of initial enamel deposition, alongside the elongated ribbon-shaped crystals. Cuisinier et al. (1993) have described mineral particles 1.1 nm in diameter which were crystalline, yet their lattice parameters did not match hydroxyapatite. Diekwisch (1998) has reported polygonal amorphous mineral particles of 10-50 nm in diameter in the area of secretory enamel adjacent to the ameloblasts. Robinson et al. (1981) have shown, using freeze-fracture techniques, chains of spherical particles 50 nm in diameter in forming enamel. The presence of these early mineral particles that organize into chains led Robinson and colleagues to the hypothesis that elongated ribbon-like crystals in the early secretory enamel form via fusion of spherical particles containing ACP and protein. They have suggested that the proteolytic cleavage of the proteins triggers the fusion of the mineral particles and mineral phase transformation (Robinson, 2007; Robinson et al., 2003) . All these data strongly suggest that mineral phases in the secretory enamel undergo significant changes. At the same time the exact nature of these changes remains ambiguous. To clarify this question we have performed a comprehensive analysis of the mineral phases in the early secretory enamel using several characterization techniques: transmission electron microscopy (TEM), electron diffraction, X-ray absorption near-edge structure (XANES) spectroscopy (Stohr, 1992) combined with X-ray photoelectron emission spectromicroscopy (X-PEEM) , polarized light microscopy, and FTIR microspectroscopy.
Materials and methods

Mouse incisors sample preparation
Mandibular mouse incisors were collected from 8 week old mice and euthanized according to an approved protocol. The apical, soft, portions of the incisors were separated from the mature parts and plunge-frozen in liquid ethane at À175°C. The samples were freeze dried, perfused with LR White resin (EMS, Hatfield, PA), and polymerized at 0°C. After polymerization the samples were sectioned using a PowerTome PT-XL Ultramicrotome (RMC Tucson, AZ) onto distilled water saturated with respect to hydroxyapatite, to minimize mineral dissolution.
For TEM studies, thin sections, 70-100 nm thick, were mounted on Cu #300 mesh TEM grids (EMS, Hatfield, PA), dipped into distilled water, and blotted against filter paper at the edge of the grid to remove excess water. For XANES, the thin sections were prepared the same way as for TEM and mounted on silicon chips.
For optical microscopy, semi-thin sections, 1-2 lm thick, were mounted on glass slides and stained with 1% toluidine blue in 30% ethanol solution in DDW. The slides were studied using a Leica DM 2500P optical microscope in bright field and polarized light modes.
Transmission electron microscopy (TEM) and selected area electron diffraction (SAED) analysis
Transmission electron microscopy (TEM) and selected area electron diffraction (SAED) studies were carried out using a JEOL 1200 EX and a JEOL 1210 TEM microscopes at 100 kV. The micrographs were recorded using an AMT CCD camera (AMT, Danvers, MA). An aluminum film-coated TEM grid (EMS Hatfield, PA) was used as a standard to calibrate SAED patterns for d-spacing calculations. The diffraction pattern from a bare carbon coated grid was used to account for the amorphous carbon diffraction and the artifacts caused by the saturation of the CCD chip due to the high intensity of the central spot (Supplement Fig. 1 ). The micrographs were analyzed using Image J 1.38 image processing software (NIH, Bethesda, MD).
FTIR microspectroscopy of murine incisors
Ten lm thick resin sections of the apical portions of murine incisors were mounted on 1 mm thick KBr windows and studied in the transmittance mode in using a Magna 560 FTIR Continuum Microscope (Thermo-Fisher Scientific, Whaltam, MA), attached to the Infrared Spectromicroscopy Beamline at the SRC (University of Wisconsin, Madison, WI). The selective aperture of the microscope was set to 12 Â 6 lm and oriented with the long side parallel to the edge of the secretory enamel layer. This way we were able to take spectra with less then 10-lm resolution in the direction from the enamel surface to the dentino-enamel junction. The spectra were collected in the 4000-900 cm À1 range using a liquid N 2 cooled MCT detector. One hundred and twenty eight scans were collected from each area at the resolution of 4 cm
À1
. The background spectra were collected from a KBr window. The spectra were normalized and the pure resin spectra were subtracted from the enamel spectra using Spectrum 5.0 software (Perkin-Elmer, Shelton, CT). Second-derivative analyses of the spectra were carried out using the OriginPro 7.5 software package (OriginLab Co, Northhampton, MA).
X-PEEM spectromicroscopy of the mouse incisor sections
X-PEEM spectromicroscopy data were acquired using the SPHINX spectromicroscope , installed on the VLS-PGM beamline at the Synchrotron Radiation Center (SRC). Extreme care was used to prevent crystallization of amorphous phases. The mouse incisor sections were mounted on Si wafers and kept at À20°C for $48 h until the experiment. Immediately before analysis they were coated with 1 nm Pt, mounted on the sample holder, and transferred into the microscope's ultra-high vacuum chamber. All these operations took place at room temperature as the sample was thawing. The measurements began less than 1 h from the time the sample was at À20°C, and the sample was transferred to the microscope chamber at a baseline pressure of 10 À9 Torr. The sample was kept at À20 kV during the entire experiment, and illuminated with photon energies between 340 and 360 eV for Ca L-edge spectroscopy, with a low flux density on the order of 10 6 photons/lm 2 sec to minimize damage. Stacks of 200 images were acquired while scanning the photon energy. These were later mounted into stacks and XANES spectra from specific regions of interest were extracted to distinguish crystalline from amorphous phases.
Mineral reference standards
Standard hydroxyapatite (HA) was purchased from Sigma-Aldrich (St. Luis, MO) and octacalcium phosphate (OCP) was purchased from Clarkson Chromatography Products Inc. (S. Williamsport, PA) and stored at room temperature. Amorphous Calcium Phosphate (ACP) was prepared in our lab by mixing 100 mM CaCl 2 and 100 mM NaH 2 PO 4 in distilled water to final concentrations of 5 mM and 3 mM, respectively, at ambient conditions with stirring. Thirty minutes after the beginning of the reaction the mineral suspension was centrifuged at 8000g and 20°C for 5 min. The pellets were frozen in liquid N 2 , lyophilized and stored at À20°C. Low crystallinity carbonated hydroxyapatite (LCHA) was prepared as ACP, except that the samples were collected and lyophilized 3 h after the beginning of the reaction. The composition and structure of the standards was analyzed using TEM and transmission FTIR microspectroscopy (See Supplement Figs. 1 and 2).
XANES spectromicroscopy of mineral standards
Both HA and OCP standards were kept at room temperature prior to sample mounting and analysis. Due to the transient nature of the amorphous calcium phosphate (ACP), the ACP sample was prepared as described above, sent via overnight shipping in a cooler with ice, and prepared for XANES analysis immediately upon arrival. Sample preparation for XANES spectroscopy consisted of collecting a small amount of the specific reference standard powder with a pair of clean tweezers, and sprinkling the powder onto clean indium foil positioned on top of an Al disk. The whole mounting was positioned in the jaw of a vice, a glass slide was added on top of the powder, and the vice was closed to press the powder into the malleable In foil. The glass slide ensured that sample surface was flat, while the conducting In foil surrounded mineral grains from all sides. The sample surface was then coated with 1 nm Pt to enhance conductivity (De Stasio et al., 2003) and transferred to the SPHINX spectromicroscope for analysis. The ACP sample was prepared in a glove box in dry N 2 atmosphere to prevent exposure to humidity, and transferred to the SPHINX chamber via a portable desiccator and a glove bag wrapped around the load lock chamber. Samples were kept at À20 kV and illuminated by photon energies between 340 and 360 eV for Ca L-edge XANES spectroscopy; during analysis the samples were at a baseline pressure of 10 À9 Torr and room temperature.
Data analysis
The XANES data were normalized to a pre-edge linear background and peak-fitted using Igor Pro 6.0.3 (WaveMetric, Lake Oswego, OR). Peak 1 positions were adjusted to 352.6 eV in all spectra after Benzerara et al. (2004) , so all other peak position variations depend only on sample mineral and electronic structure.
Results and discussion
As a model system for this study we selected the constantly growing murine incisors, in which all stages of tooth development are constantly present and spatially separated, making it an excellent system for dynamic analysis of tooth formation. The cervical loop of constantly growing murine incisors contains two populations of progenitor cells, which give rise to the enamel and dentin forming cells, ameloblasts and odontoblasts, respectively. Odontoblasts produce a layer of dentin and when this starts to mineralize ameloblasts begin depositing a layer of secretory enamel on top of mineralized dentin (Ten Cate, 1994) .
Observations of semi-thin sections stained with toluidine blue revealed that the young outer layer of early secretory enamel was stained differently than the deeper layer adjacent to the dentin (Fig. 1A) . Although, toulidine blue is not a specific stain, differences in staining might reflect the changes in the biochemical composition of secretory enamel, possibly due to the proteolytic cleavage Fig. 1 . Light micrographs of semi-thin section of mouse incisor in the region of cervical loop stained with toluidine blue (A). Note differences in the shades of staining in the outer and inner secretory enamel. Micrographs in the bottom row are taken from the same area in bright field (B) and polarized light (C) modes. Note that the inner enamel layer is slightly birefrigent. of enamel proteins (Simmer and Hu, 2002) . When semi-thin sections were studied under polarized light, weak birefringence was observed only in the inner layer of secretory enamel, whereas the outer layer was not birefringent. This observation suggests that the outer layer of secretory enamel does not contain crystalline mineral (Fig. 1B and C) .
We further studied ultrathin sections of the apical portions of mouse incisors containing the early secretory enamel using TEM. Bright field TEM micrographs were taken from the outer enamel layer (top 10 lm) and inner enamel layer, close to the dentin-enamel junction. The mineral particles in both outer and inner enamel layers were needle-shaped, a few nm thick, $20 nm wide, hundreds of nm long, and assembled into parallel arrays (rods) (Fig. 2) . This is the typical organization of enamel mineral described elsewhere (Ten Cate, 1994) . Despite the similar appearance of the outer and inner enamel, the diffraction patterns obtained from these two areas were very different. Our analysis of the diffraction patterns from the inner enamel indicates the presence of crystalline mineral with crystallographic structure similar to hydroxyapatite with 002/004, 121, and 311 reflections clearly identified. The 002 and 004 reflections formed arcs in the direction of the enamel rods, indicating the preferred orientation of the crystallites' c-axes along the rods (Fig. 2) . The diffraction patterns from the outer enamel, however, had a broad ring with d-spacing around 3 Å, typical of amorphous calcium phosphate. These data suggest that the outer younger layer of the secretory enamel contains a mineral phase lacking a long-range order, i.e., amorphous calcium phosphate, whereas more mature inner secretory enamel is crystalline. The fact that the dimensions of mineral particles in the outer and inner secretory enamel are essentially the same sug- Fig. 2 . TEM micrographs and corresponding diffraction patterns taken from unstained thin sections through outer enamel layer (A), inner enamel layer (B) and mantle dentin (C). The circle appearing in A is due to a saturation artifact, as explained in the Supplement Figure 1 , and not to nano-particulate crystals.
gests that these changes are not due to the increase in the crystal size but rather due to the ordering of the molecules in the particles, i.e., increase in crystallinity. Interestingly, the morphology and organization of the mineral particles in the outer and inner enamel are identical, suggesting that it is established before crystallization takes place.
We extended the analysis to X-PEEM, and acquired XANES spectra from the outer enamel, the inner enamel, and the dentin regions, as shown in Fig. 3 . While electron diffraction and polarized light microscopy detect the long-range order in solids, XANES spectroscopy probes the local environment of Ca atoms, with the first, second and third atomic shells giving the greatest contribution. Therefore XANES spectroscopy provides valuable structural information, complementing the other methods used in this study, which probe longer-range order. As previously observed for several calcium compounds, the positions of the main L 3 and L 2 peaks (Fig. 4, peaks 1 and 3) of Ca L-edge spectra are similar in different minerals. On the other hand, the smaller peaks associated with the crystal field (Fig. 4 , peaks 2 and 4) are quite distinct and enable the identification of unknown minerals (Benzerara et al., 2004; Himpsel et al., 1991; Politi et al., 2008) . This technique has been successfully used to study other biominerals (Chan et al., 2004; Gilbert et al., 2005 Gilbert et al., , 2008 Metzler et al., 2007 Metzler et al., , 2008 Politi et al., 2008) , however calcium phosphate-containing vertebrate tissues have not been characterized before. Specifically, the capability of distinguishing crystalline from amorphous phases in calcium phosphates using XANES spectroscopy had to be demonstrated by using appropriate reference standards. In Fig. 4 we report the results of peak fitting of the spectra from the mouse incisor in Fig. 3 and four mineral reference standards: octacalcium phosphate (OCP), hydroxyapatite (HA), ACP, and low crystallinity carbonated hydroxyapatite (LCHA). Analysis of the spectra suggests that the mineral in outer enamel is similar to ACP, whereas the inner enamel and dentin spectra are similar to crystalline mineral phases, and to LCHA in particular.
As was demonstrated in amorphous calcium carbonate (ACC) (Politi et al., 2008) , also in ACP it is the minor crystal field peaks that distinguish the amorphous phases from the crystalline ones. In ACC the intensities of peaks 2 and 4 vary with crystallinity, while in ACP the energy position of peak 4 is the most sensitive parameter, and it appears at lower energy in crystalline than in amorphous phases. In Table 1 we report all peak positions associated with all spectra of Fig. 4 . There are no spectral features in the carbonated apatite spectra that are indicative of the presence of carbonate in the sample, as expected, given the low concentration of carbonate groups in both the LCHA reference standard and the tooth dentin and enamel tissues, and the similarity of CaCO 3 spectra to those of CaPO 4 at the Ca L-edge. The most distinctive and interesting parameter is the energy position of peak 4, which does not at all depend on crystallinity in CaCO 3 but is very sensitive to crystallinity in CaPO 4 , as shown here for the first time. This peak 4 behavior difference is the only indication that enables us to distinguish the two calcium compounds, and rule out a major contribution from CaCO 3 in all minerals and biominerals analyzed here. For simplicity in Table 1 we describe this behavior as the energy split between peaks 3 and 4, which is directly proportional to the degree of mineral crystallinity. Among the spectra, highly crystalline HA and OCP have the largest energy split of 0.9 eV followed by LCHA, inner enamel and dentin (0.8 eV). In the ACP standard the split was 0.5 eV and in the outer enamel it was only 0.3 eV. At this point we can only surmise why the split in the outer secretory enamel is narrower than in the ACP standard. One possible explanation is that the interactions with enamel matrix proteins affect the short-range mineral structure.
We re-measured the exact same areas of the section shown in Fig. 4 a year later, and found significant changes in the spectra of the outer enamel (Fig. 5) . In particular the peak 3-peak 4 split was 0.85 eV (Table 1) in this sample, indicating much higher crystallinity (Figs. 5A and B, 4H), intermediate between the HA and LCHA reference standards. Furthermore, analysis of the electron diffraction pattern from the outer enamel in 1-year-old sections indicates the presence of apatitic crystals preferably oriented along the rod axes (Fig. 5C ). The morphology, dimensions, and organization of the mineral particles in outer enamel were similar in the TEM images taken from the fresh and 1-year-old sample, suggesting that the change in diffraction pattern was due to the structural ordering of the mineral phase rather than changes in mineral particle size. Hence, the results from the 1-year-old sections indicate that ACP in outer enamel of the fresh sample is metastable, and slowly transforms into crystals with time. These data strongly suggest that the mineral in the outer enamel undergoes a phase transition ex vivo, and the difference in crystallinity between outer and inner enamel, and between fresh and old outer enamel are not due to the addition of crystalline mineral to the amorphous phase, but to amorphous-to-crystalline transition without a change in crystal morphology. They also suggest that the transition in vivo is tightly ) XANES spectra extracted from the outer secretory enamel, inner secretory enamel and mantle dentin regions outlined in A, and correspondingly colored. Notice the significant differences in the spectral region usually affected by the crystal field (arrows). Fig. 4 . XANES spectra acquired by X-PEEM at the Ca L-edge from the reference standard minerals (A) octacalcium phosphate (OCP), (B) hydroxyapatite (HA), (C) low crystallinity carbonated hydroxyapatite (LCHA) and (D) amorphous calcium phosphate (ACP); XANES spectra from the three regions outlined in Figs. 3 and 5 are also reported: (E) inner enamel, (F) outer enamel (G) dentin and (H) outer enamel 1 year later. The best fits (gray solid line) of the experimental data (black dots) were obtained using 5 Gaussians, 2 arctangents (purple), and a third order polynomial (green). Polynomials and residues (yellow) are displaced down, data and fits are displaced up for clarity. Peaks are hereafter referred to by numbers, as shown in the HA plot. Peak 1 is the magenta Gaussian at 352.6 eV, peak 2 is the green Gaussian at 351.6 eV, etc. Notice the small dip between peaks 1 and 2, and the small separation between peaks 3 and 4 (blue and light blue) in the most amorphous phases. See Table 1 for the accurate positions of all peaks, and the crystallinity of the minerals and biominerals analyzed. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this paper.) regulated by the enamel extracellular matrix, since it takes weeks or even months ex vivo, but occurs in a matter of hours or days after mineral deposition in vivo.
To further characterize the mineral phase in the forming enamel we have performed FTIR microspectroscopy of early secretory enamel. We have focused our analysis on the major phosphate absorbance peak in 940-1200 cm À1 spectral region primarily associated with m 3 vibrations. Significant differences in the peak profiles between the outer, mid and inner early secretory enamel layers, consistent with the phase transformation from a disordered calcium phosphate phase to non-stoichiometric apatite, were observed ( Fig. 6A-C) . The spectral profile of the outer layer consisted of a broad peak with a maximum at 1115 cm À1 and a small hump with a maximum at 1025 cm À1 (Fig. 6A) . Gadaleta et al. (1996) described similar shaped m 3 peak with a high frequency maximum and a second inflection point at a lower frequency in a synthetic ACP. The spectra taken from the mid-layer of the secretory enamel exhibit an intermediate profile with two strong peaks at 1121 and 1025 cm
À1
, while the spectrum of the inner enamel consisted of a single sharp peak at 1020 cm À1 and a broad shoulder, with an inflection point around 1123 cm À1 characteristic of non-stoichiometric apatite (Gadaleta et al., 1996) .
In order to further assess the composition of the absorbance band in the 940-1200 cm À1 spectral region we have performed a second-derivative analysis, which revealed significant differences between different enamel layers ( Fig. 6D-F) . In general, the number of absorbance bands assigned to phosphate groups in the 940-1200 cm À1 region decreased from the outer to inner enamel, suggesting an increase in the structural uniformity of the phosphate groups in the mineral lattice and higher crystallinity of the mineral (Gadaleta et al., 1996) . In the outer enamel several absorbance bands were identified. A band with a maximum absorbance at 1020 cm À1 was assigned to m 3 PO 4 À3 found in non-stoichiometric apatites (Gadaleta et al., 1996) . The absorbance maxima around 1130 and 1142 cm À1 have been identified as HPO 4 2À (Berry and Baddiel, 1967; Gadaleta et al., 1996; Lehr et al., 1967; Rey et al., 1991) ; while the band with the absorbance maximum at $1040 cm
was assigned to a non-apatitic m 3 PO 4 À3 (Gadaleta et al., 1996) .
The composition of the major phosphate absorbance peaks in 940-1200 cm À1 region in the outer secretory enamel layer cannot be identified with any known crystalline calcium phosphate phase (Lehr et al., 1967) . This region in the outer enamel spectra comprises multiple absorption bands, corresponding to phosphate groups with different structural parameters, suggesting that the outer enamel mineral lacks a long-range order. The intensities of the bands with the absorbance maxima at 1040, 1130 and 1142 cm À1 have significantly decreased from the younger outer to older inner secretory enamel. At the same time the absorbance band at $1020 cm À1 , corresponding to non-stoichiometric apatite, (Gadaleta et al., 1996) became a dominant band in the inner secretory enamel. These changes imply a transition from disordered mineral to a non-stoichiometric crystalline apatitic phase. In summary, our FTIR microscopic analysis showed significant differences in the m 3 absorbance region of phosphate between outer and inner secretory enamel layers, suggesting that the mineral in Table 1 Energy position of the main four peaks in all spectra of Fig. 4 . The table shows the minerals and biominerals in order of decreasing crystallinity. The position of peak 1 was set at 352.6 eV for all spectra (following (Benzerara et al., 2004; Politi et al., 2008) ). The positions of peaks 2 and 3 are remarkably stable across all eight spectra, whereas the position of peak 4 varies considerably and these variations correlate with the crystallinity of the samples. early secretory enamel undergoes a phase transformation from ACP to non-stoichiometric apatite. These data are in agreement with the results of TEM, polarized microscopy and XANES spectromicroscopy. All data obtained by four physical characterization methods, i.e., polarized light microscopy, electron diffraction, XANES spectromicroscopy, and FTIR, indicate that the outer, younger, early secretory enamel contains a disordered calcium phosphate mineral phase, which eventually transforms into crystalline apatitic mineral. Transient amorphous mineral phases have been found in a number of biomineralization systems, including skeletal elements of invertebrates (Beniash et al., 1997; Lowenstam and Weiner, 1985; Politi et al., 2004; Weiss et al., 2002) , and their presence has been reported in vertebrate bone formation (Boskey, 1997; Crane et al., 2006; Mahamid et al., 2008; Termine and Posner, 1966) and in embryonic shark otoconia (Lowenstam, 1981) . There are numerous advantages to the strategy of using transient amorphous mineral in different phases of the mineralization process, when compared to crystallization from supersaturated solution. For example a vesicular transport of the minerals to the site of mineralization in the form of amorphous phase is more efficient and less toxic to the cells than the transport of large quantities of ions through the cytosol Wilt et al., 2008) . Utilization of the transient amorphous minerals as initial mineral phases improves spatial control of initial mineralization, and minimizes chances of spontaneous uncontrolled precipitation . Biomineralization via deposition of amorphous mineral precursors into confined spaces allows the production of crystalline minerals of intricate shape (Weiner et al., 2005) , significantly departing from typical crystal habits of their geological counterparts.
Our observations indicate that the shape and organization of mineral deposits in enamel is determined before the phase transition takes place. This important observation implies that the organic matrix of forming enamel controls mineral shape and organization, although the mechanisms by which the organic matrix exerts this control are still unclear. Crystal morphology in biominerals is key to their function, and is tightly controlled in many biomineralization systems. There is no simple way of controlling crystal morphology, if crystals form from solution, and nature employs different strategies to achieve this goal. One of such biomineralization strategies employs molding of amorphous calcium carbonate by plasma membranes of the cells surrounding the mineralization compartment and the extracellular organic matrix, followed by gradual transition of the amorphous phase into a single crystal. Such biomineralization strategy is employed in the formation of single crystalline skeletal elements of echinoderms (Beniash et al., 1999 (Beniash et al., , 1997 Politi et al., 2004 Politi et al., , 2008 Weiner et al., 2005) . Furthermore, similar strategies were successfully applied in a number of bioinspired in vitro mineralization systems (Aizenberg et al., 2003; Loste and Meldrum, 2001; Wucher et al., 2007) . Our observations of biomineralization in early secretory murine enamel via transient ACP phase, to the best of our knowledge, is the first example of such strategy in polycrystalline biominerals.
A recent in vitro calcium phosphate mineralization study in the presence of amelogenin, the most abundant protein in forming enamel, suggests that assembly of the organic matrix and mineral formation occur simultaneously via a cooperative feedback mechanism in which the forming mineral affects protein assembly, which in turn controls the organization of mineral rods (Beniash et al., 2005) . A similar mechanism has been described in synthetic organic-mineral systems that self-organize at the mesoscale (Cöl-fen and Mann, 2003) . Robinson and coworkers have proposed a model in which the initial enamel matrix is comprised of chains of nanoparticles containing supramolecular assemblies of enamel proteins and mineral, in an amorphous form (Robinson et al., 2003) . They have suggested that a series of proteolytic cleavages of the proteins leads to the phase transformation of the mineral in the nanoparticles and their eventual fusion into long mineral crystals. This hypothesis is also supported by the observation of chains of amelogenin nanospheres in forming enamel as well as in vitro (Beniash et al., 2005; Fincham et al., 1994; Moradian-Oldak et al., 2006; Wiedemann-Bidlack et al., 2007) . Here we have observed a differential staining pattern between outer and inner early secretory enamel layers, which correlates with the distribution of different mineral phases. This result suggests the possibility that the changes in biochemical composition in forming enamel might trigger the mineral phase transformation. Furthermore, in our TEM micrographs the mineral particles of secretory enamel often appear as chains of smaller mineral particles (Fig. 7) , although the possibility that this is a sectioning artifact cannot be ruled out. These observations provide further support for the hypothesis by Robinson and coworkers (2003) .
Another intriguing question, which remains unanswered, is how, during the phase transition, the crystallographic c-axis always aligns with the long axis of the crystal. In the classical model of biomineralization the crystallographic orientation is Fig. 7 . Intermediate (A) and high magnification (B) TEM micrographs of secretory enamel at the dentin-enamel junction, collected from a fresh section. Note the chain-like texture of enamel particles in B.
determined during the nucleation event by nucleating organic matrix and the shape of the crystals is determined by another set of organic molecules that bind to specific facets of the growing crystal, slowing down its growth along the direction normal to those facets Weiner, 1985, 1992) . It is not clear what controls the crystallographic orientation in the mineral particles undergoing the phase transition. One possibility is that the shape of the particle dictates the orientation of the crystalline lattice. Alternatively, there may exist a partial order in the initial amorphous particles, which is beyond the detection limit of the techniques used in this study. It is also possible that the interactions between the protein molecules and surfaces of mineral particles influence the orientation during the phase transition.
In conclusion, the data presented here suggest that the initial mineral in enamel consists of a transient ACP phase, which transforms with time into the final apatitic crystalline mineral. We hypothesize that this transformation can be triggered by proteolytic degradation of the enamel matrix proteins. Interestingly, the shape and organization of the mineral particles is determined even before they crystallize, implying direct control of mineral shape and organization by the matrix proteins.
We believe that these findings improve our knowledge of enamel formation and advance the understanding of biomineralization processes. Recently biomineralization via amorphous precursors has inspired the synthesis of single crystals with intricate morphologies (Aizenberg et al., 2003; Loste and Meldrum, 2001) . We anticipate that our results will facilitate the development of novel bioinspired polycrystalline materials.
